Cortical malformations can cause intractable epilepsy, but the underlying epileptogenic mechanisms are poorly understood. We used high-speed glutamate biosensor imaging to ask how glutamatergic signaling is altered in cortical malformations induced by neonatal freeze-lesions (FL). In non-lesion neocortical slices from 2 to 8 week old rats, evoked glutamate signals were symmetrical in the medio-lateral axis and monotonic, correlating with simple, brief (≈50 ms) local field potentials (LFPs). By contrast, in FL cortex glutamate signals were prolonged, increased in amplitude, and polyphasic, which paralleled a prolongation of the LFP. Using glutamate biosensor imaging, we found that glutamate signals propagated throughout large areas of FL cortex and were asymmetric (skewed toward the lesion). Laminar analysis demonstrated a shift in the region of maximal glutamate release toward superficial layers in FL cortex. The ability to remove exogenous glutamate was increased within the FL itself but was decreased in immediately adjacent regions. There were corresponding alterations in astrocyte density, with an increase within the lesion and a decrease in deep cortical layers surrounding the lesion. These findings demonstrate both network connectivity and glutamate metabolism are altered in this cortical malformation model and suggests that the regional ability of astrocytes to remove released glutamate may be inversely related to local excitability.
Introduction
Many severe neurological disorders (Crino, 2005; Crino and Henske, 1999) have a common underpinning of disorganized cortical architecture. Not surprisingly, these developmental cortical malformations can result in intractable epilepsy (Schwartzkroin and Walsh, 2000) . To understand the pathophysiology of epilepsies associated with cortical malformation, we have utilized the freeze-lesion (FL) model (Dvorak et al., 1978) which reproduces key aspects of polymicrogyria, a spectrum of neurological disorders that are histopathologically characterized by multiple small gyri on the cortical surface and are associated with epilepsy (Leventer et al., 2010) . In this model, a neonatal (P0-1) cortical freeze-lesion is performed resulting in an enduring cortical malformation consisting of a microgyral zone (MZ), a neuron rich region which lacks cortical layers IV, V, and VI, surrounded by a paramicrogyral zone (PMZ), and a transition zone between the MZ and normally layered nearby cortex. Stimulus-evoked epileptiform activity in FL cortex can be seen beginning at P14 and initiates in the PMZ (Jacobs et al., 1999a,b) . Interestingly, epileptiform activity initiated in the PMZ propagates laterally away from the MZ, but does not invade the MZ itself, suggesting it may be hypo-excitable (Jacobs et al., 1999a,b) . Spontaneous seizures have not been reported in vivo, however, which limits the use of the FL to studies of brain slice hyperexcitability and network dysfunction. The specific mechanisms, however, which lead to hyperexcitability in the malformed cortex are largely unknown.
A number of changes in neuronal excitability (Albertson et al., 2011) and inhibitory systems occur and could contribute to epileptic discharge in the malformed cortex (Hablitz and DeFazio, 2000; Patrick et al., 2006; Redecker et al., 2000; Rosen et al., 1998; Schmidt et al., 2006; Shimizu-Okabe et al., 2007) . In particular, electrophysiological studies have shown increased frequency of spontaneous and miniature excitatory post-synaptic potentials in PMZ neurons which suggests that glutamatergic excitation is enhanced in the FL cortex (Jacobs and Prince, 2005; Jacobs et al., 1999a; Zsombok and Jacobs, 2007) . Elegant laser-scanning photostimulation experiments have specifically implicated enhanced layer II/III to layer V intra-cortical excitatory connectivity in the malformed cortex (Brill and Huguenard, 2010) . It is unknown, however, whether network hyperexcitability in the malformed cortex is mediated by regionally increased glutamatergic neurotransmission. Anatomical studies have shown altered topology of afferent input into the malformed cortex (Jacobs et al., 1999c; Rosen et al., 2000) . Whether these abnormal projections are functionally relevant to circuit hyperexcitability or Neurobiology of Disease 49 (2013) 232-246 
